Poly(lactic-co-glycolic acid) (PLGA) particle carriers of synthetic DNA have recently received increased attention for environmental applications due to their biodegradability, customizability, and nearly limitless number of uniquely identifiable "labels". In this paper, we present methodologies for the preparation of DNA-labeled particles, control of particle size, extraction of DNA-labels, and analysis via quantitative polymerase chain reaction (qPCR). Characterization and analysis of the DNA-labeled particles reveal spherical particles of diameters ranging from 60 -1,000 nm, with consistent zeta potentials around -45 mV, that are stable to aggregation, even in the presence of concentrated mono-and divalent cations. A highly correlated and consistent relationship between particle concentration and DNA-label count was observed, with a detection range spanning 7 orders of magnitude, from 0.01 -10,000 mg/L (10 -10 7 particles/µL).
The results of two environmental applications of the DNA-labeled particles are also presented, highlighting their feasibility for use in environmental studies.
Whether exploring size-dependent transport phenomena or identifying potential pathogen transport pathways, the DNA-labeled particle approach presented here provides a powerful tool for the identification of overlapping particle signals at a range of concentrations.
Introduction
Polymeric nano-and microparticles have garnered considerable attention in recent years for their many applications as colloidal carriers of drugs, DNA, and other macromolecules in the field of life sciences, biotechnology, and medical sciences [1, 2, 3] . Among the many polymeric nano-and microparticles devel-5 oped to date, poly(lactic-co-glycolic acid) (PLGA) has become the most widely used polymer in FDA-approved pharmaceutical biotechnology and medical devices [4] . This is due to two of its most attractive qualities, biodegradability and non-toxicity, which provide key advantages for its use in oral delivery of proteins, peptides, and synthetic DNA for treatment of several life-threatening 10 diseases [5] . PLGA provides a number of therapeutic benefits in drug delivery such as controlled particle size [6, 7] , higher loading capacity for drug molecules [8] , improved drug stability and bioavailability [9, 10] , and controlled and sustained release properties [11, 12] . In comparison to nonbiodegradable, inorganic nanoparticles (e.g. metallic, silica or carbon-based nanomaterials), which are 15 often used in the cosmetic and paint industry, PLGA nano-and microparticles also do not represent a risk to the aquatic environment, since their biodegradability limits their persistence in the environment [13] .
Because of their versatility, PLGA particles carrying synthetic DNA strands have received increasing attention over the past 15 years, for use in environmen- 20 tal applications such as the identification and characterization of water flow and pollutant transport pathways [13, 14, 15, 16] . The use of synthetic DNA provides virtually an infinite number of unique labels (i.e. tracers) while the customizable PLGA nano-and microspheres protect the DNA from the environment.
Hence, a multitude of unique, DNA-labeled particle tracers could be introduced tion [1] . Among the hydrophilic macromolecules explored, several studies have developed PLGA carriers for DNA [17, 18, 19] intended for gene therapy within the human body. By instead incorporating synthetic DNA within the PLGA, any number of unique particle tracers can be fabricated with DNA-"labels" (i.e. a unique nucleotide sequence), which can then be independently detected and 40 quantified via quantitative polymerase chain reaction (qPCR) [13] . Additionally, any PLGA released to the environment will degrade and the degree of biodegradability can be altered through modification of the polymer, providing biodegradability on the order of weeks, months, or years [11, 12] and the ability to match its environmental lifespan with the length of an environmental study. 45 Together these characteristics provide many advantages over conventional particle and hydrologic tracers. Historically, a variety of tracers have been used to identify and characterize environmental transport pathways, including bromide [20, 21] , chloride [22, 23] , nano-and microparticles [24, 25, 26] , dyes [27, 28] , and isotopes [29, 30] . However each of these methods is limited in one or more ways.
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Most importantly, the number of unique tracers available is limited [14, 31] , hence our ability to identify spatial and temporal variations is restricted to only a few events [32] , leaving us far short of the information needed to understand the complex transport pathways in the natural environment. Furthermore, contamination from legacy tracers left over from past experiments [33, 34] can alter 55 transport measurements and often it is difficult to determine just how long a system may retain a "memory" of past inputs. Ultimately, a tracer system that allows for the unique identification between spatial, temporal, and variable particle characteristic (i.e. size) inputs with otherwise identical colloidal prop-erties, would allow for a much more powerful characterization, description, and, 60 ultimately, prediction of transport pathways in the environment.
The use of unencapsulated, synthetic DNA as an environmental tracer has previously been explored [35, 36] and, although it has proven useful in identifying contaminant source contributions in limited cases [36, 37] , DNA has the disadvantage of degrading quickly in the natural environment, unless bound to 65 natural colloids [38] or polycyclic aromatic hydrocarbons. In order to control the degradation of the synthetic DNA sequences and allow for quantitative experiments at time scales required for field studies, we previously explored encapsulating DNA in poly lactic acid (PLA) microspheres in a proof-of-concept study [13] and then applied this technology to characterize hydrologic flow pathways In this paper, we present new advances in DNA-labeled particle tracer technology for use in environmental and hydrological flow and transport studies.
Detailed methodologies are introduced for the preparation of DNA-labeled particles, control of particle size, extraction of synthetic DNA-labels, and quanti-80 tative analysis via qPCR. An in depth characterization of particle properties is also provided, including particle morphology, size, charge, colloidal stability, and encapsulation and extraction efficiencies. Furthermore, the relationship between particle mass concentration and DNA-label count is analyzed, which is an important aspect for using the DNA-labeled particles in quantitative fate 85 and transport studies. Finally, we present the results from two environmental applications of the DNA-labeled particles, which highlight their feasibility for use in environmental studies. 
Particle Fabrication
The DNA-labeled particles were fabricated by dispersing synthetic DNA in Digital Sonifier, 40% amplitude, 1/8" diameter tip) for 10 seconds, on ice, to make the first emulsion. This emulsion is then added dropwise to the 2 mL of TPGS, while constantly vortexing at 3,000 rpm, to make the second emulsion.
The second emulsion was then sonicated for three 10 second bursts, on ice, with a 10 second rest after each burst. This final emulsion was then added to the 125 stirring 45 mL of TPGS solution and left to stir in a fume hood for at least 4 hours or overnight. During this time, the EtAc evaporated, hardening the PLGA particles.
Nanoprecipitation
The nanoprecipitation method employed is similar to methods previously 130 presented in literature [17, 40, 41] with some modifications described as follows. To collect and rinse the particles fabricated by either method, the particle suspension was poured into a 50 mL HDPE centrifuge tube, topped up to 50 mL total volume with ultrapure DI water (ELGA LabWater GS120A24) and centrifuged (Eppendorf 5804 R) at 14,600 x g at 4 o C for 15 minutes. After 145 centrifugation, the supernatant was carefully removed so as not to disturb the particle pellet, and the particles were resuspended in ultrapure DI water by 6 sonicating (40% amplitude, 1/8" tip) for three 10 second bursts on ice, with a 10 second rest after each burst. This centrifugation, rinsing, and resuspension step was repeated twice more, for a total of three times and then the stock 150 particle suspension was stored at 2 o C until use.
Bare particles
As a basis for comparison, bare PLGA particles were fabricated in the absence of TPGS, as macromolecules similar to TPGS have been shown to adsorb to the surface of the PLGA particles, altering their colloidal properties 155 [42, 43, 44] . The method used to prepare the bare PLGA particles was similar to others previously presented [43, 42, 1] and explained in detail in Appendix A.
Particle quantification 2.3.1. DNA-label extraction
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The procedure for the analysis of DNA-labeled particle samples consists of two steps, extraction and quantification of the DNA-labels. First, a wellmixed 500 µL aliquot of each sample was collected in a 1.5 mL centrifuge tube, centrifuged at 14,600 x g, 4 o C for 15 minutes, and frozen at -80 o C for several hours. Each sample was then lyophilized, 500 µL DCM was added to the dry 165 sample, and the resulting mixture was vortexed at 3,000 rpm for 10 seconds, to allow for dissolution of the PLGA. 500 µL of TE buffer solution (10 mM Tris, 1 mM EDTA, pH 8.0) was added to each sample and vortexed at 3,000 rpm for 30
seconds. The resulting two-phase liquid was then centrifuged at 2,800 x g, 4 o C for 5 minutes and 200 µL of the supernatant was removed for quantification. copies per sample, or 25 to 2.5 x 10 7 copies/µL. In this manner, the DNA copy count was always interpolated from standards included on each plate and never extrapolated. A representative standard curve can be seen in Figure 1 for the nucleotide sequence T3, which was used for all experiments in this study, unless otherwise noted. The resultant detection range for this sequence was 150 to 195 10 7 copies per 4 µL sample, or 38 -2.5 x 10 6 copies/µL. The C q value for each sample was calculated with the Bio-Rad software (Bio-Rad CFX Manager 3.1)
using the regression C q determination mode with baseline subtracted curve fit.
Each sample was analyzed in triplicate to provide statistical uncertainty of the measurement.
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It should be noted here that the presence of natural organic matter can needed for the qPCR analysis of the experiment.
DNA-label design
The synthetic, double-stranded DNA sequences used for particle labeling were designed as described in our previous publications [13, 14] . A list of the 210 nucleotide sequences, primers, and probes used for this study can be found in 
Results and Discussion
Particle Characterization
Particle morphology was investigated using Field Emission Scanning Elec- The particles appear mostly spherical in nature with a small variation in particle diameter, as evidenced by the corresponding particle size distributions.
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Particle diameter and zeta potential were measured using dynamic light scattering (DLS, Malvern Zetasizer Nano). Each reported value is a summary of at least 10 independent measurements, particle size measurements were buffered to pH 7 with TE (10 mM Tris, 1 mM EDTA), and particle concentration was held constant at 100 mg/L (2.8×10 5 particles/µL). A summary of the mean particle 235 diameter and zeta potential for 6 different particle preparation conditions can be seen in Figure 3 and tabulated data can be found in Table D .9.
Particle diameter varied between 60 and 930 nm for the particle preparation conditions investigated, with the smallest particles produced via the nanoprecipitation method. Particle diameter was strongly dependent upon TPGS con-240 centration, with smaller particles resulting from higher TPGS concentrations, as expected [39, 1] . Despite strongly affecting particle diameter, the preparation conditions had no detectable effect on zeta potential.
While it is unlikely that the preparation of subsequent batches under the same conditions will produce particles of identical diameter and zeta potential, The electrophoretic mobility (µ e ) and zeta potential of bare and DNAlabeled particles was measured as a function of solution pH and a summary of the data can be seen in Figure 4 . Both bare and DNA-labeled particles remain negatively charged throughout the pH range investigated (pH 3 -9), with declining charge as pH conditions became more acidic, suggesting an isoelectric 255 point near or below pH 3. The DNA-labeled particles displayed a lower (absolute value) charge than the bare particles, with the largest differences observed near pH 7-8. This suggests that the TPGS, used in particle preparation as an emulsifier, remains bound to the particle surface after the rinsing and centrifugation step of particle preparation. While the hydrophobic end remains bound are similar to values reported in the literature [42, 43] .
In contrast to the bare PLGA particles, DNA-labeled particles produced in the presence of TPGS showed no signs of particle aggregation across the full range of NaCl and CaCl 2 concentrations investigated for bare PLGA. This apparent stabilizing effect suggests that the TPGS not only serves as 285 a high efficiency emulsifier and tool for controlled particle size [46] and increased encapsulation efficiency [47], but also remains adsorbed to the particle surface after production and rinsing, increasing hydrophilicity of the particle and providing stabilization to aggregation. Similar stabilization behavior has been reported for other macromolecules including polaxamers and poloxamines 290 [42, 43, 44] , poly(ethylene glycol) (PEG) [48] , and methoxy poly(ethylene glycol) (mPEG) [49, 50] . This stability enhancement resulting from macromolecule adsorption is commonly attributed to electrosteric repulsion, though a recent study by Bradford et al. [51] found that nanoscale roughness could also explain this behavior. This result is a key advantage for use in environmental systems
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where the ionic content of natural waters can lead to aggregation and therefore modified transport characteristics.
It should also be noted here that the particle diameters observed in the presence of concentrated CaCl 2 ( Figure 6 ) were marginally higher than those in the absence of divalent cations (Figure 3) , suggesting an initial period of rapid 300 aggregation followed by consistent particle diameters throughout the length of experiments investigated in each case. Though the exact mechanism for this behavior is unclear, it has previously been observed for similar systems and detailed discussions can be found elsewhere [42] .
DNA-label Encapsulation and Extraction
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In order to quantify the amount of DNA-labels encapsulated and to ensure consistency between preparation methods and batches, two measures of efficiency were defined and monitored. First, the percentage of DNA-labels that were successfully captured within the PLGA particles, commonly referred to as encapsulation efficiency (ENE), was determined from Equation 1, where 310 DN A tot is the total number of DNA copies used in particle preparation and DN A f ree is the total number of unencapsulated DNA copies, determined from the supernatant following particle rinsing and centrifugation.
Second, the percentage of encapsulated DNA-labels that were subsequently extracted and counted, referred to here as the extraction efficiency (EXE), was 
Encapsulation and extraction efficiency were calculated for several differ-320 ent particle preparation procedures described above (Figure 7 with the values observed here. In order to further quantify the reliability and consistency of DNA-labeled particle detection, the extracted DNA-label concentration was measured over a wide range of particle concentrations ( Figure   340 8).
The data included in Figure 8 represent the range of particle concentrations that produced a linear relationship between particle concentration and DNAlabel copy count with an R 2 ≥ 0.99. The highly correlated relationship suggests that the DNA-label count provides an accurate measure of particle concentra-
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tion across a range of 7 orders of magnitude, from 0.01 mg/L to 10,000 mg/L (10 -10 7 particles/µL). As mentioned earlier, in order for the DNA-labeled particle technology to be used as a transport measurement tool, a consistent relationship must be demonstrated between the DNA-label copy count and particle concentration. The nature of the relationship presented here suggests that 350 particle detection by DNA-label quantification is consistent and reliable across a wide range of particle concentrations. It should also be mentioned here, that for the particles used in this particular analysis (800 nm diameter), the relationship between number concentration and DNA-label count resulted in a ratio of 1.2 DNA-labels per particle, on average. This ratio can be altered by varying 355 the initial amount of DNA-labels used in particle preparation, and in turn, the range of detectable particle concentrations would shift in the same direction.
Environmental Applications
The main utility of the DNA-labeled particles lie in their ability to be used for environmental transport studies, therefore determining their performance Figure 10 .
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While the DNA-label concentration remains relatively constant on the order of 10 days, a steady decline is observed after this point for all environmental conditions investigated. Most notably temperature appears to play a major role in the degradation rate. In each case, higher temperature results in an increased rate of degradation. NaCl appears to have no significant effect on degradation,
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as the degradation curves in the presence of NaCl appear very similar to those After 223 days, DNA-label concentrations under all conditions investigated remain, at worst, an order of magnitude above the detection limit, with some remaining as high as 4 orders magnitude above the detection limit. These results
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are in general agreement with previously reported results on the biodegradability of similar PLGA particles, which are on the order of weeks to months [13, 11] . Biodegradability on this scale is ideal, as it ensures the DNA-labeled particles last long enough for experimental analysis, but don't persist to pollute the environment or contaminate future experiments with legacy DNA. Further-440 more, these results reinforce the importance of control samples which are held at identical experimental conditions to account for degradation, as mentioned previously, especially for experiments lasting longer than 10 days.
Conclusions
Building from our previous work [13, 14, 15, 16] , this study presents a com- advancements in the technology in several key areas, including size control, particle stability, and improved quantification. The introduction of TPGS into the particle preparation process produced particles stable to aggregation, even in the presence of concentrated salts, reducing the complicating effect of particle aggregation, a problem that has been encountered in past applications of the 455 technology [15] . By incorporating preparation methods previously developed for drug delivery [1] , DNA-labeled particles were produced with diameters ranging from 60 nm to 1µm, allowing for the control of particle size to better match pathogens of interest, a benefit previously unavailable to studies utilizing this technology. This study also presents a clear and reliable relationship between interference between unique DNA-labels nor background biological media.
Whether exploring size-dependent transport phenomena or identifying potential pathogen transport pathways, a tool for the consistent identification of overlapping particle signals at a range of particle concentrations is crucial to success. Furthermore, the benefit of the DNA-labeled particles can be enhanced
470
by also recovering the fraction retained on environmental surfaces. While early efforts of recovering the particles from soil has provided promising results [15] , the process has not yet been refined. Ultimately, the utility of the DNA-labeled particle technology will be determined by how well it performs under varying conditions found in the natural environment (i.e. natural organic matter, pH, 475 salinity), so the next step is to creatively apply the technology to help answer transport questions in the lab and environment. two-phase emulsion. 25 mL ultrapure DI water was then slowly added to the stirring emulsion and then allowed to stir for an additional 10 minutes. Finally, the DCM and ethanol were removed under vacuum at 30 o C (Buchi Rotovapor R110) and the resulting PLGA particle suspension was stored at 2 o C for the entirety of the study.
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Appendix B. DNA sequences Appendix C. Additional Characterization Details
An aliquot of particle suspension was mixed with a pre-measured amount of mono (NaCl) or divalent (CaCl 2 ) salt and the mean particle diameter was immediately monitored over time. In this manner, the particle aggregation 715 rate, or rate of change in particle diameter over time, k, was measured under varying ionic conditions. In each experiment, the particle concentration was held constant at 10 mg/L (2.8×10 4 particles/µL) and the solution was buffered to a pH of 7 using TE (5 mM Tris, 0.5 mM EDTA). The presence of ions in solution screens the electrical double layer repulsions between particles [66] and 720 reduces the energy barrier to particle aggregation. This charge screening effect increases with ionic strength, until a salt concentration is reached where there is effectively no energy barrier to aggregation and therefore particle aggregation is only limited by the rate at which particles can diffuse towards one another. This concentration is known as the critical coagulation concentration (CCC) and by 725 normalizing the aggregation rate under each condition to this diffusion limited aggregation rate (k dif f ), we can calculate the inverse stability factor (Eq. C.1), which allows for the quantification of the stability of a particle suspension. 
As expected, aggregation rate increased with salt concentration for the bare PLGA particles (Figure C.11) with an increased sensitivity to the presence 730 of divalent CaCl 2 . Initial aggregation rates were constant throughout all salt concentrations investigated, and so the first 10 minutes of particle aggregation were used to calculate the aggregation rate (k) for each condition investigated.
The diffusion limited aggregation rate (k dif f ) was taken to be the aggregation rate at which an increase in salt concentration did not result in an increase 735 in aggregation rate. In this manner, the inverse stability factor (1/W ) was determined for each experimental condition, as defined in Equation C.1, and presented in Figure 5 .
Displayed on a log-log scale, there are two distinct regions evident in the particle stability results presented in Figure 5 . Within the first region, 1/W 740 increases with salt concentration until the CCC is reached, after which 1/W remains constant at a value of 1. The CCC is then determined by interpolating the data to find the point where these two regions meet. In this manner, we determined the CCC values of bare PLGA particles to be 273 mM NaCl and 30 mM CaCl 2 , which are similar to values reported in the literature [42, 43] .
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Appendix D. Tabulated Data Table D .9: Particle size, zeta potential, standard deviation, and polydispersity index of particles produced following each method presented in Figure   3 .
Particle Preparation Method
Mean 
